Laser forming of sheet metal is the bending process, induced by thermal stress, which is produced in the sheet by laser irradiation. Laser forming of complex shapes requires the study of the effect of various irradiation paths. In this paper the deformation of a circular plate, subjected to a circular irradiation path, is studied through a sequentially coupled thermomechanical elasto-plastic simulation by finite element method. The quality of laser bending in terms of waviness parameters, e.g., waviness average, R a , RMS value, R q , etc. are reported in detail, with respect to number of sections and number of passes of heating, as well as, shifting of the starting point for irradiation. It is observed that discrete section heating in symmetry with shifting in starting point of irradiation in subsequent passes reduces the undesired waviness, which is caused, otherwise, due to continuous circular heating.
Introduction
Laser forming is the process of causing distortion to a metal sheet, subjected to laser irradiation. The path of laser irradiation determines the final shape of the metal sheet. This opens up many possibilities, including forming and shaping of sheet metal without the use of any fixture, stamping dies, or other tooling. Laser forming is a spring-back-free and non contact forming technique. The process requires no hard tooling or external forces, since the bending is achieved by plastic deformation, induced by thermal stresses, resulting from rapid non-linear thermal cycles.
Laser forming has been the subject of interest for many researchers. Vollertsen et al. (1994) investigated the mechanisms of laser forming. Ji and Wu (1998) simulated the temperature distribution during laser forming. Kyrsanidi et al. (2000) developed an analytical model to predict the final deformation of the sheet metal subjected to laser irradiation. And a number of researches followed it up with finding the optimum parameters that would yield maximum bend angle per pass. The edge effects and the effect of number of passes were also studied.
A considerable amount of work has been done in laser forming of sheets by straight line heating for two-dimensional laser forming. However, in order to take the process closer to real life applications, an investigation into other possible scanning patterns becomes a necessity. Hennige (2000) investigated curved bending of circular sectors. Edwardson et al. (2001) studied different scanning strategies to develop a saddle shape from a flat sheet. Chen et al. (2004) and Zhang et al. (2002) studied the laser curve bending of Ti-6Al-4V alloy steel sheet metal and showed that 3-D deformation occurs only on one side of a scanning path, along which, the rigid constraint is relatively lower, and on this side, the sheet is extended and thinned slightly. Ojedaa and Grez (2009) investigated a few other scanning strategies, like zigzag, squared and stepped scan lines. Kim and Na (2003) developed displacement based and angle based algorithms for generating the laser scanning paths and predicting the bending angles for each path. Attempts are being made to generate more complex shapes.
Therefore, for the production of complex spatially curved shapes, irradiation strategies based on curved irradiation paths can be used, alone, or along with the linear irradiation paths. This work attempts to study the deformation pattern of a circular plate, subjected to circular path of irradiation through finite element simulation, with the aim of identifying the deficits of curved irradiation paths and proposing solution for the same.
Theoretical Background

Transient thermal analysis:
The transient temperature field, generated during laser forming, is determined, based on the mechanism of heat conduction. The following assumptions are made for the calculation of temperature. The distribution of laser intensity follows the Gaussian mode. Heat conduction within the specimen, free convection and radiation, from the surfaces of the specimen to the surrounding air, are considered. At the same time, the laser forming is being performed under the melting temperature of the material, so that there is no convection problem at the interface of the solid and the liquid, thus phase change and heat generation are neglected. The governing equation for heat conduction, within the plate, assuming isotropic material, can be expressed as follows:
Where is the material density (kg/m3), c is the specific heat (J/kg0C), K is the thermal conductivity (W/m 0 C), T ) , ( t r is the temperature (K), r is the coordinate in the reference configuration, t is the time (s) and r is the gradient operator. In the present study, x-and y-axes are defined in the plane of the plate and the z-axis is defined normal to the plate. The convection and radiation boundary conditions are as follows ) (
(2) h is the natural convection exchange coefficient (taken as 5 W/m 2 K), T 0 surrounding temperature (taken as 300K), T is the surface temperature 
where is the stress, and b the body force. 
where q is the equivalent plastic strain, and 0 t is the time for the previous time increment.
Finite Element Simulation
Analytical prediction of the thermal and displacement fields for laser forming process is complex, as the relevant thermophysical properties, as well as the temperature, and displacements keep on changing. Therefore, numerical modeling can be more amenable and accurate for analyzing the laser forming process. In the present work, laser forming is simulated as sequentially coupled thermo-elasto-plastic analysis, using the commercially available Finite Element Software, ANSYS®. The temperature profile on the plate, as the beam traverses it, is obtained by appropriate thermal modeling and the results of which are given as input for the structural analysis.
ANSYS® Parametric Design Language, a scripting language is used to do the programming. This allows for parametric programming, helpful in studying the effect of process parameters.
The problem considered here is a circular plate of radius 50 mm with a central hole of radius 6 mm, shown in Fig. 2 . The plate is clamped through the central hole. There is no loading applied on the plate and the self weight is ignored. The laser beam is traversed along the irradiation circle shown in Fig. 2 . The process parameters considered are given in the table 1. 
Modeling and moving the Heat Flux
The thermal load is given in the form of heat flux that obeys a Gaussian distribution as illustrated in Eq. (5). The traversal of laser beam is modeled as a moving heat flux with small steps, of the order of 0.1 seconds. When 0 t t , where 0 t is the time at a given instant, the center of the heat flux is at the origin of a local coordinate system and the surrounding nodes which fall under the beam radius are selected, to which the heat flux, based on Eq. (5), is given as input. In the next time step, when
where t is the incremental time added to get the time at successive instants, the local coordinate system is moved to appropriate position along the irradiation path. The jumping of this heat flux is kept to a minimum so that it simulates continuous scanning. The total heating time depends on the relative motion between the sheet and the laser beam and is given as
where V is the velocity of the beam traverse, called scanning speed and i r is the radius of the irradiation circle. From this, the heating time for every single load step is calculated as n t t tot / where n is the number of load steps and tot t is the total time of traverse. Hence, by controlling the total time of traverse and time of each load step, the velocity of traverse is controlled.
Differential Density Meshing
The model is meshed using the element SOLID70 for the thermal analysis. SOLID70 has a 3-D thermal conduction capability. The element has eight nodes with a single degree of freedom, temperature, at each node. The element is applicable to a 3-D, steady-state or transient thermal analysis. Convection or heat flux (but not both) and radiation may be input as surface loads at the element faces. Convection heat flux is positive out of the element; applied heat flux is positive into the element. The solution output associated with the element is the nodal temperatures included in the overall nodal solution.
The temperature gradient and the stress gradient around the laser traversing path are high and, therefore, require a denser mesh. However, maintaining higher mesh density throughout the plate increases the total number of degrees of freedom and computation time. Therefore, to reduce the large computation time, a coarser mesh is used in the remaining portion of the plate. The differential density meshing, as shown in Fig. 3 , is achieved by direct generation of elements out of nodes, instead of starting with volume and discretizing into elements.
Material Properties
The plate is assumed to be of isotropic, elastic-perfectly plastic material. The material yield is based on the von Mises yield criterion. The material assumed is AH 36. The temperature dependent thermo-mechanical properties, used in the present analysis, are taken from Zhang et al. (2004) .
Structural Analysis
SOLID70 is replaced with SOLID45 for the 3-D modeling of solid structures. The element is defined by eight nodes, having three degrees of freedom at each node: translations in the nodal x-, y-and z-directions. The result of the thermal analysis is given as the input for the structural analysis. The plate is clamped at the inner hole i.e., displacements and rotations at the inner surface of the central hole are constrained in the x-, y-and z-directions to arrest the rigid body motion. The stress strain curve at different temperature is included in the material properties. von Mises yield criterion is assumed. 
Results and Discussion
Initially, single section and single pass irradiation of circular plate is studied, to identify the waviness pattern, presented in section 4.1, and then, discrete section and multi pass heating, with and without change of starting point in subsequent passes is investigated to eliminate or reduce the amount of waviness. Fig. 4 shows the temperature distribution on the top surface. We observe a preheated zone ahead of the laser spot and a heated trail behind the laser spot because of the heat diffusion. Also it can be seen that as the beam passes over the plate it induces a steep temperature gradient across the thickness of the sheet, as shown in Fig. 5. Fig. 6 shows the transient temperature variation at a node located close to 90 0 of the irradiation path, noted in Fig. 2 , on the top surface and the same at the corresponding node on the bottom surface. It can be observed that there is difference in peak temperatures of nodes at top surface and bottom surface. Also, there is a delay with the bottom node, in reaching the peak temperature, due to heat diffusion. The difference in the peak temperatures on the top and bottom nodes, together with the associated delay, gives rise to an unequal bending moment along the top and bottom heating lines of the sheet, leading to its deformation. Delay in reaching peak temp.
Single Section Single Pass Heating 4.1.1 Transient temperature fields
Difference in peak temperature across thickness Fig. 7 shows the displacement of the sheet metal in the z-direction, after 1 pass of laser irradiation and the plate getting cooled down to the initial temperature. As can be seen from the Fig. 7 , the final deformation of the plate is not uniform peripherally. The z-direction displacement of the nodes on the top surface at the outer circumference is shown in Fig. 8 , as a function of angle from 0 o to 360 o , as indicated in Fig. 2 . In ideal case, it should be a horizontal straight line. However, as it can be seen from Fig. 8 , there exists waviness, that may grow in subsequent passes and this is undesirable. In the following sections, attempts are made to eliminate this waviness by introducing discrete section-wise heating as well as by changing the starting points of irradiation in subsequent passes. Care is taken that heating pattern follows symmetry, thereby, reducing waviness. 
Displacement
Discrete Section Heating
In order to reduce the waviness, the laser traversing along the irradiation circle is done in discrete sections and in an order such that the symmetry is mostly maintained, as shown in Fig. 9 . For, example, for 4 sector heating, section 1 is traversed first (from 0 0 to 90 0 ) and then, section 3 is traversed (from 180 0 to 270 0 ). Then similarly, sections 2 and 4 are traversed. In the second pass, the starting point is displaced at an angle of 90 0 and the sequence followed is section 3 (180 0 to 270 0 ), section 1 (0 0 to 90 0 ), section 4 (270 0 to 360 0 ) and section 2 (90 0 to 180 0 ). Table 2 gives the sequence of heating for four pass traversal by laser beam along the irradiation circle. The plate is allowed to cool for 120 seconds to prevent the accumulation of heat by continuous irradiation, such that the temperature of the plate does not exceed the melting point of the plate material. Heating of more than eight sectors is not attempted because the laser beam traversing requires some time along its travel to reach a steady maximum temperature, which could yield maximum bending for that velocity. If the sector is too small, time is not sufficient to reach that maximum steady temperature and hence the angle of bend will be less. 
(SS)
1-2-3-4 -cooling -1-2-3-4 -cooling -1-2-3-4 -cooling -1-2-3-4 -cooling 4 (SS) 1-3-2-4 -cooling -1-3-2-4 -cooling-1-3-2-4 -cooling-1-3-2-4 -cooling 8 (SS) 1-5-3-7-2-6-4-8 -cooling-1-5-3-7-2-6-4-8 -cooling-1-5-3-7-2-6-4-8 -cooling -1-5-3-7-2-6-4-8 -cooling 1 (DS) 1-2-3-4-cooling -2-3-4-1 -cooling -3-4-1-2 -cooling -4-1-2-3 -cooling 4 (DS) 1-3-2-4 -cooling -2-4-3-1 -cooling -3-1-2-4 -cooling -4-2-1-3 -cooling 8 (DS) 1-5-3-7-2-6-4-8 -cooling -3-7-5-1-4-8-6-2-cooling -5-1-7-3-6-2-8-4-cooling -7-3-1-5-8-4-2-6 -cooling
The waviness pattern is studied for discrete section-wise heating for 4 and 8 sections, for 4 passes with same starting point (SS) and different starting points (DS) in the subsequent passes. Fig. 10 shows the maximum temperature experienced by the nodes at irradiation circle as well as the z component of displacement at the outer circumference for 4 passes. For single section heating the temperature reaches a steady maximum after 45 0 and remains the same until 270 0 , before showing a rise in the fourth quadrant, due to the diffused heat from the starting point. This results in the maximum waviness, as can be seen from table 3. For discrete section heating, as in the case of 8 section heating, the T max , is not steady as the traversing point is interrupted, and therefore requires time to reach steady maximum temperature on every such interruption. However, this pattern of T max reduces the valley (R v ) and peak (R p ) along the waviness curve, thereby ensuring a more uniform bending. Therefore, discrete section heating can be a strategy to reduce waviness in the final deformed shape. 
Transient temperature fields
Effect on bending angle
It is observed from Fig. 11 that for 1 pass heating, average value of z component of displacement at outer circumferential nodes reduces with increase in number of sections. However, for subsequent number of passes (2, 3 and 4), the values show an increasing trend with number of sections, for same starting (SS) point as well as different starting (DS) point heating, as shown in Figs. 11 (a) and (b) respectively. This can be attributed to the fact that during the first pass the plastic strain caused by sectional heating is less compared to the single section heating. However, in the subsequent passes, the stress builds up over the residual stress generated in the previous passes to cause more plastic strain compared to single section heating. 
Effect on waviness
The waviness is calculated by waviness parameters (defined identical to roughness parameters and illustrated in Fig. 12 ) and the computed results are given in Tables 3 -6 for the cases listed in Table 2 . From Table 3 , it may be observed that average waviness R a is reduced for 4 section and 8 section heating. The RMS value of waviness, R q is a measure of deviation from the mean value, R a , and R t is the height of the waviness, (R p -R v ) both are minimum with 8-section heating; R p and R v represent the peak and valley of the waviness. Fig. 13 (a) shows that the waviness average R a , is lower for discrete sections heating compared to the single section heating for all the number of passes considered. Column 3 and 4 of Table 4 , 5 and 6 confirms that other waviness parameters for 4 section and 8 section heating, also showing considerable decline, compared to single section heating. Figure 13 . Roughness average of displacement at circumferential nodes Fig. 14 shows the z component of displacement at the outer circumferential nodes for single section and discrete sections heating after 4 passes, for the cases of same starting point (SS) and different starting point (DS). The average waviness after 4 passes for different starting point shows lower values than those for same starting point cases, as can be seen from Fig. 13 (a) and (b). Also, Fig. 13 (b) shows that, the change of starting point in the subsequent passes tries to compliment the waviness generated in the previous passes and hence after 4 passes, it reaches to a minimum, whereas in same starting point cases, the waviness pattern remains almost same throughout the number of passes, and further, R p , R v and R t increases.
(a) 1 section (b) 4 section Figure 14 . Effect of change of starting point of traverse Therefore, it may be concluded that changing the starting point in the subsequent passes could also well be another strategy to reduce the waviness in the final required shape. However, positioning the subsequent starting points may depend on the irradiation path and the final shape required and requires further investigation, which requires further investigation. Kurtosis is the measure of flatness or peakedness of distribution and if R ku is greater than 3, the distribution is said to be peaked and if it is less than 3, it is said to be flat. Considering our case, the distribution should be flat as every node on the circumference is expected to have uniform displacement. Fig. 15 o phase difference, yields more flatter distribution. Hence, it may be concluded, that waviness, which occurs with the circular heating of plates for bending, can be reduced with multiple section heating choosing diametrically opposite sectors, as well as by appropriately changing the starting points of subsequent passes.
Conclusions
A 3-D numerical simulation model is developed and investigation of the laser bending process for a circular plate is performed. The discrete section heating, tried in place of continuous heating, and change of the starting points in subsequent traversing are attempted and their effects are reported. The eight section heating and single section heating with 90 o phase shift in the starting point of subsequent traversing, shows considerable reduction in waviness. It can be inferred that short section symmetrical irradiation, accompanied by appropriate switching of starting points, can reduce waviness to a great extent. 
